Objective: To understand the nutrient mediated release of gut peptides like GLP-1 from enteroendocrine L cells of the GI system, we focused on a bitter taste receptor TAS2R38 (based on animal models) to investigate the structural basis of its potential role in the release of gut peptides.
INTRODUCTION:
Bitter, sweet, and umami taste receptors are G protein coupled lingual receptors that are also expressed in the gastrointestinal endocrine cells. They putatively sense nutrients in the ingested food and along with other nutrient receptors, like fatty acid receptors, may be responsible for modulating metabolic hormones to affect glucose homeostasis [1] . The molecular mechanisms of this modulating effect are not well understood.
On its surface, the GI tract epithelium is endowed with molecular sensing machinery that detects dietary constituents as well as gut microbial metabolites [2] [3] [4] [5] . The sensing machinery is contained on enteroendocrine cells and neural endings interspersed between the absorptive and secretory cells of the gastrointestinal epithelium. Many types of the enteroendocrine cells have been identified and they are classified for the most part by their specific contents of endocrine transmitters. Some key examples include enteroendocrine I cells containing cholecystokinin (CCK); and L cells containing GLP-1 and PYY. The release of these agents into the blood results from interaction of sensors on the cells' lumenal surface to nutrient or environmental factors in the contents of the intestine. Each has specific and necessary functions on gastrointestinal tract responses including local and systemic metabolism.
GLP-1 is derived from the transcription product of the proglucagon gene. The biologically active forms of GLP-1 are: GLP-1-(7-37) and GLP-1-(7-36)NH 2 [6] . Once in the circulation, GLP-1 has a half-life of less than 2 minutes due to rapid degradation by the enzyme dipeptidyl peptidase-4 (DPP4) [7, 8] . It is a potent anti-hyperglycemic hormone, inducing glucosedependent stimulation of insulin secretion while suppressing glucagon secretion. Such glucosedependent action is particularly attractive because when the plasma glucose concentration is in the normal fasting range, GLP-1 no longer stimulates insulin to cause hypoglycemia. GLP-1 restores the glucose sensitivity of pancreatic β-cells, using a mechanism involving the increased expression of GLUT2 and glucokinase. GLP-1 also inhibits pancreatic β-cell apoptosis, stimulates the proliferation and differentiation of insulin-secreting β-cells, and inhibits gastric secretion and motility [6, 9, 10] . This delays gastric emptying which promotes satiety and weight loss. In fact, GLP-1 analogs as well as inhibitors of endogenous GLP-1 degradation have been developed that have demonstrated efficacy for treatment of type II diabetes mellitus, which is the type associated with obesity [6, 10] . Not only have the analogs been demonstrated to significantly improve insulin secretion and glucose control, they have been found to decrease gastric emptying and increase satiety resulting in weight loss-benefits [11] . L-cells also release two circulating forms of PYY: PYY1-36 and PYY3-36 [12, 13] . The latter form is considered the predominant one in both fasted and fed states and is produced by the cleavage of the N-terminal Tyr-Pro residues from PYY1-36 by peptidase enzyme DPP4. PYY inhibits food intake via PYY-2 receptors expressed in neurons of the arcuate nucleus of the hypothalamus [14] . Other actions of PYY include slowing of gastric emptying and slowing small intestine motility.
There has been an explosion of studies using animal and human models aimed at probing the fundamental mechanistic roles of nutrient sensing receptors in the gut [1, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . These studies have identified taste receptors (sweet, umami, and bitter) as well as fatty acid receptors (activated by a broad range of chain lengths in the fatty acids) in various enteroendocrine cells. Sweet and umami taste receptors are most likely sensing or tasting [15] energy nutrients and amino acids in the food, whereas the bitter taste receptors are potentially sensing or tasting any harmful and toxic constituents in the food. Once these food components are sensed, several metabolic pathways are activated. In the case of bitter sensing components, pathways that slow down gastric emptying and food absorption are likely activated. Many of these associations are not very well characterized especially in the context of human physiology and are being slowly uncovered. Several studies have shown that release of GLP-1 or other hormones like PYY, CCK, and ghrelin can be effected by activating one of these sensors [20, [26] [27] [28] [29] [30] [31] [32] [33] . These associations are critical to understand the detailed role of these gustatory gut sensors in food digestion.
Physiologic roles for the peptide hormones released from the enteroendocrine cells lining the lumen of the GI tract have been known for some time, but the mechanisms underlying the "sensing" and secretion of the hormones by intestinal contents were not known. Findings are now emerging that taste receptors previously thought to be restricted to the tongue epithelium also are present in the in the stomach, small intestine and colon. Several enteroendocrine cell types express TAS2R-family bitter taste receptors and T1R2/3 sweet taste receptors. In fact, the enteroendocrine cells secrete GLP-1, peptide YY (PYY) or CCK in response to bitter ligands like phenylthiocarbamide (PTC), which is a specific activator of the bitter taste receptor TAS2R38 and denatonium, which activates the bitter taste receptor TAS2R47 [20, 25, [32] [33] [34] [35] .
To understand the nutrient mediated signaling of L cells in the context of peptide hormone release, we focused on a bitter taste receptor TAS2R38 (based on animal models) to investigate its mechanistic role in the release of peptide hormones. This understanding will advance novel therapeutic avenues for targeting type 2 diabetes, specifically using bitter (but safe) components of food. In the long term, these advances are expected to show that some bitter constituents of food can be therapeutically functional.
METHODS:
The atomic-level structure prediction of the bitter taste receptor TAS2R38 required consideration of known haplotypes (taster and nontaster as described below) of the receptor. Phenylthiocarbamide (PTC) [36] and 6-n-propylthiouracil (PTU) are two potent agonists for TAS2R38. PTC is intensely bitter for some individuals, but is largely tasteless for others, which has been traced to 2 common forms of the TAS2R38 gene which exhibit single-nucleotide polymorphisms (SNPs) at 3 sites:
 amino acid (AA) position 49, where either Pro or Ala is encoded,  AA position 262, where either Ala or Val is encoded, and  AA position 296, where either Val or Ile is encoded, This gives rise to two frequent haplotypes, hTAS2R38 PAV and hTAS2R38 AVI , plus less common haplotypes hTAS2R38 AAI , hTAS2R38 PVI , and hTAS2R38 AAV [36, 37] , where  hTAS2R38 PAV shows a strong response at micromolar concentrations for PTC, and  hTAS2R38 AVI does not respond to PTC or PTU. Mutational analysis [37] determined that the amino acids at position 49 and 262 have the most effect on the cellular response.
Receptor Structure Prediction:
To address the molecular differences between bitter taster and nontaster populations based on the hTAS2R38 receptor and the corresponding activation mechanism by its agonists PTC and PTU, we used our computational methods [38, 39] to predict the atomic level structures for a range of bitter taste receptor haplotypes: hTAS2R38 PAV (taster), hTAS2R38 AVI (nontaster), hTAS2R38 AAI (taster) and hTAS2R38 PVV (taster). The computational methods perform a complete sampling of local conformational space (~10 trillion conformations) accessible to the seven transmembrane (TM) helices of the receptor in the lipid bilayer. The starting structure for the conformational space sampling was a homology model based on the 1 adrenergic receptor structure [40] . The details of the structure prediction process are described in detail elsewhere [41] . The top conformations were relaxed in the lipid bilayer environment using molecular dynamics (MD) simulations (shown in Figure 1 ) and discussed later. Ligand Docking: We then used GenDock methodology [42] to predict the binding sites and binding affinity for PTC and PTU to the predicted atomic structures of both taster and nontaster receptor forms [41] . This docking protocol performs an exhaustive sampling of the ligand poses (for multiple ligand conformations) in putative binding sites and clusters the ligand poses into different families for an efficient evaluation of binding energies. The method also accounts for protein flexibility by using alanines in place of bulky hydrophobic residues for ligand pose search stage and then reintroducing those residues along with a custom optimization of the binding site for each of the top ~100 ligand poses. The resulting complexes of PTC and PTU were also relaxed in the lipid environment using MD simulations (shown in Figure 2 and discussed below). The energetic and structural differences exhibited by the taster and nontaster receptors were analyzed to gain insight into their phenotypic taster differences.
RESULTS AND DISCUSSION: Structural analysis
The predicted protein structures for the taster hTAS2R38 PAV and the nontaster hTAS2R38 AVI receptor forms are shown in Figure 1 , relaxed in the lipid bilayer environment using molecular dynamics (MD) simulations. The taster receptor form displays two interhelical hydrogen bonds: Y199 (TM5) -W108 (TM3) and W108 (TM3) -A262 (TM6). The nontaster receptor form displays two different interhelical hydrogen bonds: W108 (TM3) -A261 (TM6) and Y199 (TM5) -A266 (TM6). The predicted ligand binding energy for PTC (and also PTU) in complex with TAS2R38 was similar in magnitude for the taster and nontaster receptor forms of TAS2R38. So, the phenotypic taste difference potentially arises from the difference in ligand binding modes exhibited by the molecules in the taster and nontaster receptors and how these modes might or might not activate the taste receptor. Figure 2 shows the detailed binding site of PTC for the taster hTAS2R38 PAV (Figure 2a ) and the nontaster hTAS2R38 AVI (Figure 2b) receptor forms, relaxed in the lipid environment using MD simulations. PTC forms strong interactions with both TM5 and TM6 in the taster hTAS2R38 PAV complex (Figure 2a) . The binding of ligand between TM5 and TM6 breaks the strong coupling between TM3 and TM6 and between TM3 and TM5 that was present in the apo form of the receptor. In the nontaster hTAS2R38 AVI complex, PTC breaks interhelical hydrogen bond between W108 (TM3) and A261 (TM6) present in the apo receptor, while not that between Y199 (TM5) and A266 (TM6).
Both PTC and PTU form a stable H-bond with residue 262 of the taster (hTAS2R38 PAV ) receptor form and not with that of the nontaster (hTAS2R38 AVI ) receptor form. So, this residue appears to be very important for PTC/TAS2R38 taster differences consistent with experiments [37] .
Functional and Therapeutic Implications
It has been shown using mouse enteroendocrine STC-1 cells that TAS2R38 receptor is one of the many bitter taste receptors expressed in these cells [17] . In addition, PTC has been shown to induce robust intracellular [Ca 2+ ] response [18] and CCK release [18, 33] in these cells. The G protein gustducin (G gust ) has also been found to be co-expressed with GLP-1 and PYY gut hormones [25] . This G protein mediates taste receptor signaling by coupling to sweet and bitter taste receptors. These data strongly suggest that activating TAS2R38 might result in the release of gut peptides like GLP-1, PYY, and CCK. However, the subcellular signaling pathways mediating gut peptides' release have not been fully explored, in terms of differences in hTAS2R38 PAV and hTAS2R38 AVI haplotypes, due in part to technical challenges in handling enteroendocrine cells. In addition, as mentioned before, several other nutrient receptors (sweet taste, fatty acid, peptide receptors) have also been found [1] in enteroendocrine cells that release the gut peptides. These data suggest a complex set of signaling cascades that can modulate the release of gut peptides and potentially cause metabolic effects. This also makes the nutrient receptors very attractive therapeutic targets for metabolic diseases with abnormal gut peptide signaling. From the context of TAS2R38 described in this study, bitter (but safe) components of food that can activate this receptor can become promising therapeutic candidates, if the signaling pathways connecting such receptors and gut peptides are explored in detail. The ligand binding sites for TAS2R38 receptor presented in this study open the possibility to screen and identify novel "bitter" molecules that can activate this receptor and cause desirable metabolic effects.
Conclusion:
Nutrient receptors like bitter taste receptors are promising therapeutic targets for metabolic diseases. Differences in ligand binding modes of bitter taster and nontaster TAS2R38 receptor forms suggest a potential signature for the activation of this receptor. Molecular approaches using receptor structures and activation signatures presented in this study have the potential to identify natural agonist compounds (both natural and synthetic) that can be functional in treating the metabolic disorders like diabetes.
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